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We have studied photoluminescence sPLd properties of Eu-doped ZnO sZnO:Eud nanorods
fabricated by a microemulsion method. The ZnO:Eu nanorods have a hexagonal crystal structure
and exhibit a sharp luminescence due to the intra-4f transitions of Eu3+ ions. The excitation energy
and temperature dependence of the PL intensity show that the Eu3+-related PL efficiency is
determined by the energy relaxation process of excited Eu3+ ions, rather than by the energy transfer
process from ZnO nanorods to Eu3+ ions. The energy transfer and luminescence processes in
ZnO:Eu nanorods are discussed. © 2005 American Institute of Physics. fDOI: 10.1063/1.1952576g
Recently, there have been extensive studies on optical
properties of semiconductor nanocrystals due to their size-
and shape-dependent optical responses.1–3 In particular, high-
quality II-VI semiconductor nanocrystal samples have been
prepared and their luminescence properties have been stud-
ied both experimentally and theoretically.4–8 In addition,
II-VI compound semiconductor nanocrystals are unique host
materials for doping of optically active impurities, and semi-
conductor nanocrystals doped with luminescence centers ex-
hibit efficient luminescence even at room temperature.9,10
Therefore, many different techniques have been developed to
synthesize II-VI semiconductor nanocrystals doped with lu-
minescence centers, such as transition-metal ions,9–12 rare-
earth ions,13,14 and donor-acceptor pairs.15
So far, investigations for the optical properties of II-VI
semiconductor nanocrystals have been concentrated mostly
on CdSe and CdS nanoparticles and nanorods.1–7 However,
the best-studied CdSe and CdS materials include the harmful
elements such as Cd and Se. On the other hand, it is believed
that ZnO is an environmentally friendly material and is one
of the suitable candidates for practical use as a nanodevice
material. Furthermore, ZnO nanocrystals with wide-band-
gap energies have a potential as a host material for doping of
luminescence centers. It has been reported that the ZnO
nanocrystals doped with Eu and Mn ions were fabricated by
a microemulsion method.16 Eu-doped ZnO nanocrystals ex-
hibit the broadband luminescence in the visible spectral re-
gion at room temperature. It is speculated that the broad and
visible band is due to Eu2+ ions in ZnO nanocrystals.16 How-
ever, the structural and luminescence properties of impurity-
doped ZnO nanocrystals are not clear.
In this work, we have fabricated Eu-doped ZnO
sZnO:Eud nanocrystals and have studied their photolumines-
cence sPLd properties. Transmission electron microscope
sTEMd and x-ray diffraction sXRDd studies show that the
ZnO nanocrystals have a rod-like shape and that their crystal
structure is hexagonal. The ZnO:Eu nanorods show the sharp
luminescence related to the intra-4f transitions of Eu3+ ions
under the low-energy excitation below the band-gap energy
of ZnO. The PL properties and PL mechanism in ZnO:Eu
nanorods are discussed.
The ZnO:Eu nanorod samples were fabricated by a mi-
croemulsion method, according to the literature.16 We pre-
pared two identical mixtures of octane, cetyl trimethyl am-
monium bromide sCTABd, and butanol. An aqueous solution
of ZnCl2 and EuCl2 was added to one mixture, while aque-
ous ammonia was added to the other mixture. We then ob-
tained two microemulsions with the aqueous solution encap-
sulated within the reverse micelles formed by surfactant
sCTABd and cosurfactant sbutanold in oil soctaned: one con-
tained Zn2+ and Eu2+ ions, and the other contained OH− ions.
After mixing the two microemulsions, nanoparticles of hy-
droxide of Zn and Eu were yielded and were precipitated.
The weight ratio of Eu ions to Zn ions was 0.02. The hy-
droxide nanoparticles were extracted from solution by a cen-
trifugation and by a stir with ultrasound in water. The nano-
particles of hydroxides were oxidized by heating at 100 °C
for 60 min and were converted to ZnO:Eu nanocrystals.
The crystal structure and shape of ZnO:Eu nanocrystals
were studied by XRD sRigaku, RINT RAPID, Cu Kad and
TEM sJEOL, JEM-3100FEF, 300 kVd measurements. For PL
measurements, a He–Cd laser, a GaN laser diode, and an
Ar-ion laser were used as the excitation sources for various
excitation energies. The PL signals from the samples were
detected by a photomultiplier through a 25 cm double-
grating monochromator. The signal was amplified by a
lock-in amplifier. The spectral sensitivity of the measuring
systems was calibrated using a tungsten standard lamp.
Figure 1sad shows the XRD pattern of the ZnO:Eu nano-
crystals fabricated by the microemulsion method. All the
peaks of the XRD patterns can be indexed to ZnO with the
hexagonal structure. No diffraction peaks are detected from
any other products, such as europium oxides. As shown in
Fig. 1sbd, the rod-like ZnO:Eu nanocrystals sZnO:Eu nano-
rodsd are observed in the TEM image. The average lengths of
the long and short axes of nanorods are ,500 and ,50 nm,
respectively. The results suggest that the microemulsion
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method is a route for the fabrication of ZnO nanorods doped
with optically active impurities.
Figure 2sad shows the PL spectrum of ZnO:Eu nanorods
under 325 nm He–Cd laser excitation at 15 K. In the PL
spectrum, the emission peak is observed at ,370 nm, which
is attributed to the bound exciton emission.17 The broad
emission band is also observed around ,650 nm, similar to
the broad PL spectrum in a previous report.16 It is known that
the Eu2+ ions in crystals usually give a broadband emission
due to the f-d transition.18 We tried to confirm the existence
of Eu2+ ions in our samples by electron spin resonance sESRd
measurements. However, we were not able to observe the
ESR signals from Eu2+ ions in our ZnO:Eu nanorod samples.
Therefore, it is believed that the observed broad PL band is
attributed to defects in ZnO nanorods, rather than to Eu2+
ions in ZnO nanorods. On the other hand the Eu3+-related PL
bands are clearly observed, as will be discussed subse-
quently.
The PL measurements were also performed under 405
and 465.8 nm light excitation. These excitation laser energies
almost coincide with the energies of the 7F0-
5D3 and7F0-
5D2 transitions of Eu3+ ions, which are 3.02 eV
s410 nmd and 2.67 eV s464 nmd, respectively.18,19 The PL
spectra under 405 and 465.8 nm light excitation are shown in
Figs. 2sbd and 2scd, respectively. In these PL spectra, the
sharp peaks due to the intra-4f transitions of Eu3+ ions are
clearly observed, in addition to the broad PL band related to
defects of ZnO nanorods. These results imply that doped
Eu2+ ions are converted to Eu3+ ions during the oxidation
process from ZnsOHd2 to ZnO, because Eu2+ ions can be
easily oxidized to Eu3+ ions.14
Figure 3sad shows the PL spectra under different wave-
length excitations using an Ar+ laser at 15 K. In these spec-
tra, the sharp PL lines due to Eu3+ ions are observed, in
addition to the broad PL band due to defects of ZnO.20 The
465.8 nm laser light can excite directly Eu3+ ions in ZnO
nanorods sthis photon energy resonantly excites the
7F0 -
5D2 transition of Eu3+ ionsd, while the others are non-
resonant excitation sno direct excitation of Eu3+ ionsd. The
Eu3+-related PL intensity is clearly enhanced under 465.8 nm
light excitation, although the magnitude of the resonant en-
hancement depends on the sample. The sharp PL peaks due
to Eu3+ ions are also observed, even under the nonresonant
excitation.
The spectrally integrated intensities of the Eu3+-related
PL are plotted as a function of the excitation energy in Fig.
3sbd. Under the resonant excitation, the direct excitation of
Eu3+ ions enhances the sharp luminescence of the direct
intra-4f transitions in Eu3+ ions. In addition, at the high ex-
citation energy above the 7F0 -
5D2 transition energy of Eu3+
ions s2.67 eVd, the PL intensity of Eu3+ ions increases. Here,
in Eu3+-doped solids, the excitation of the 7F0 -
5D2 transition
of Eu3+ ions usually causes the red Eu3+-related PL. The
observation of red PL under nonresonant 2.70 and 2.73 eV
excitation suggests that the excited state of Eu3+ ions is pro-
duced by energy transfer from the host ZnO nanorod to Eu3+
ions. Since these excitation energies in Fig. 3 are lower than
the band-gap energy of ZnO, it is considered that the energy
transfer from ZnO nanorods to Eu3+ ions occurs through the
defects of ZnO nanorods.
The temperature dependence of the PL intensity has been
studied under resonant and nonresonant excitation of the
intra-4f transition of Eu3+ ions, in order to clarify the PL and
the Eu3+ excitation processes in ZnO:Eu nanorods. Figure
4sad shows the temperature dependence of the Eu3+-related
PL intensity under 405 ssolid circlesd, 465.8 sopen circlesd,
and 454.0 nm ssolid trianglesd light excitation. The 405 and
465.8 nm light excitation directly excited the 7F0 - 5D3 and
7F0 -
5D2 transitions of Eu3+ ions, respectively, while the
454.0 nm light is the nonresonant excitation of the intra-4f
transitions of Eu3+ ions. However, it is found that there is no
significant difference in the temperature dependence of the
Eu3+-related PL intensity between resonant and nonresonant
excitation. This observation implies that the temperature-
dependent PL intensities are determined by the relaxation
process of excited Eu3+ ions, rather than the excitation pro-
cess of Eu3+ ions.
FIG. 1. XRD pattern sad and TEM image sbd of ZnO:Eu nanorods fabricated
by the microemulsion method.
FIG. 2. PL spectra of ZnO:Eu nanorods under sad 325, sbd 405, and scd
465.8 nm light excitation at 15 K.
FIG. 3. sad PL spectra of ZnO:Eu nanorods at different excitation wave-
lengths at 15 K. The excitation wavelengths lex are shown in this figure. sbd
Excitation energy dependence of the Eu3+-related PL intensity in ZnO:Eu
nanorods.
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Figure 4sbd shows the temperature dependence of the
defect-related PL intensity sthe broad PL around 600 nmd of
ZnO:Eu nanorods under 325 sopen circlesd and 405-nm
ssolid circlesd light excitation. There is no significant differ-
ence in the temperature dependence of the defect-related PL
intensity between 325 and 405 nm excitation. Even under
405 nm excitation sthe excitation laser energy is lower than
the band-gap energy of ZnOd, the defects states are directly
excited by the laser light and the defect-related PL is clearly
observed in ZnO:Eu nanorods. If the energy transfer rate
from defects to Eu3+ ions determines the efficiency of the
Eu3+-related PL, it is expected that the temperature depen-
dence of the Eu3+-related PL intensity is similar to that of the
defect-related PL intensity, because the Eu3+-related PL in-
tensity is proportional to the number of the photogenerated
carriers trapped at the defects of ZnO nanorods. However,
the temperature dependence of the Eu3+-related PL intensity
is different from that of the defect-related PL in ZnO:Eu
nanorods: The Eu3+-related PL intensity decreases faster than
the defect-related PL intensity with an increase of tempera-
ture. Therefore, it is concluded that the efficiency of the
Eu3+-related PL is determined by the nonradiative process of
excited Eu3+ ions. It is believed that the defects are formed
around the trivalent Eu3+ ions in the II-VI compound ZnO
nanorods and the defects in nanorods affect the energy relax-
ation process of excited Eu3+ ions.
In conclusion, we have studied PL properties of Eu-
doped ZnO nanorods fabricated by the microemulsion
method. The bound exciton-related PL is observed near
370 nm in ZnO:Eu nanorods under the 325 nm light excita-
tion. The PL peaks due to the intra-4f transition of Eu3+ ions
are also observed under the low-energy excitation below the
band-gap energy of ZnO. From the excitation energy and
temperature dependence of the Eu3+-related PL intensity, it is
concluded that the energy transfer occurs from the ZnO na-
norods to Eu3+ ions through defect states and the efficiency
of the Eu3+-related PL intensity is determined by the nonra-
diative process of excited Eu3+ ions in ZnO nanorods.
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FIG. 4. Temperature dependence of sad the Eu3+-related PL intensity and sbd
the defect-related PL intensity in ZnO:Eu nanorods. The PL intensity at the
lowest temperature is taken as unity.
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